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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• PCB-153 exposure impairs Photosystem 
II and diatom growth at environmental 
levels.

• PCB-153 accumulation leads to oxida
tive stress, despite antioxidant 
responses.

• Photosystem II parameters and photo
chemical index strongly correlate with 
PCB-153 dose.

• Exposure biomarkers included pheo
phytin a, fucoxanthin, catalase activity, 
and growth inhibition.
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A B S T R A C T

Despite the ban on polychlorinated biphenyls (PCBs) in developed countries since the 1930s, their persistence 
and use endured in developing countries, with reported toxic effects on various organisms. PCB congener 153 
(PCB-153, 2, 2′, 4, 4′, 5, 5′–hexachlorobiphenyl) is notably prevalent in marine biota. However, its mode of action 
and impact on primary marine diatoms are not well documented. Phaeodactylum tricornutum cultures exposed to 
environmentally relevant PCB-153 levels (0, 1, 3, and 6 µg/L) showed proportional accumulation, impairing 
photochemical processes by directly affecting the structure and function of Photosystem II and hindering light 
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harvesting and electron conversion. This impairment significantly inhibited growth (calculated IC25 = 3.53; 
predicted IC50 = 7.09 µg/L) within environmental concentrations, which is linked to oxidative stress despite 
antioxidant responses and increased fucoxanthin production. The increased pheophytin a levels along the PCB- 
153 gradient further supported this finding. Key biomarkers identified with a direct correlation with the exposed 
and internalized PCB doses included pheophytin a, fucoxanthin, catalase activity, non-photochemical reaction 
index (SFI [NPQ]), and growth inhibition. PSII functioning parameters (ABS/CS, ET/CS, TR/CS, SM, and Mo), 
photochemical reaction index (SFI), and specific growth rate showed strong inverse correlations with the PCB- 
153 dose. This study provides new insights into PCB-153 ecotoxicity in marine phytoplankton and highlights 
effective biomarkers for future ecotoxicological assessments of marine diatoms.

1. Introduction

Polychlorinated biphenyls (PCBs) constitute a class of ubiquitous 
anthropogenic contaminants classified as persistent organic pollutants 
(POPs). These compounds comprise approximately 209 distinct conge
ners, each exhibiting specific physicochemical and toxicological prop
erties [1]. Since the 1930s, these compounds have been used in electrical 
capacitors and transformers, as lubricants, cooling fluids, and hydraulic 
fluids, as well as in adhesives and plasticizers [2], with approximately 2 
million tons of PCBs produced since 1929 [3]. Due to their adverse 
health and environmental effects, these compounds have been pro
gressively prohibited in numerous countries since 1972, although less 
stringent regulations persist in developing economies. [3]. It is esti
mated that approximately 750,000 tons of PCBs are present in the 
biosphere [4], posing serious reproductive, neurological, and endocri
nological risks [5]. Owing to their high resistance to degradation, PCBs 
are highly persistent in the environment, and because of their lip
ophilicity, they readily bioaccumulate throughout the trophic web [6].

The PCB congener 153 (PCB-153, 2, 2′, 4, 4′, 5, 
5′–hexachlorobiphenyl) is recognized as the most abundant PCB detec
ted in marine biota [1]. PCB-153 exhibits multiple industrial and com
mercial applications, attributable to its chemical stability and thermal 
resistance. Consequently, it has been widely produced and used in 
multiple industrial processes [7] and has been frequently detected. In 
Galicia, Spain, sediment analysis has revealed higher concentrations of 
chlorinated PCBs, including PCB-153, particularly in finer sediment 
fractions [8]. PCB concentrations in the Mediterranean Sea were 
observed to be highest in the western and central regions, with certain 
fish and mussel specimens exceeding the Food and Drug Administration 
(FDA) limit of 2 mg/kg [9]. In another study, PCB-153 levels varied from 
7.4 ng/g to 47.5 ng/g in plastic resin pellets from beaches along the 
Accra-Tema coastline, in Ghana [10]. In aquatic environments, the 
concentration of this compound fluctuates from a few nanograms per 
litre [10] to the microgram per litre level in estuarine waters [11]. 
PCB-153 has been detected in human tissues as the predominant 
ortho-substituted congener, constituting approximately 30 % of the total 
PCBs in all analyzed samples [12]. In contrast to several other poly
chlorinated biphenyl (PCB) congeners, PCB-153 does not exhibit 
dioxin-like behavior due to its inability to bind to the aryl hydrocarbon 
receptor [3]. In both animal and human subjects, PCB-153 has been 
demonstrated to interact with the pregnane X receptor (PXR) and 
constitutive androstane receptor (CAR), thereby influencing the 
expression of associated genes, which may potentially result in meta
bolic dysfunction and pathological conditions [13,14].

The toxicity of this compound has also been examined in algal model 
organisms, particularly in green algae species such as Pseudokirchneriella 
subcapitata [15] and Selenastrum capricornutum [16], emphasizing its 
adverse effects on these species, especially in relation to growth rates. 
Nevertheless, data regarding its impact on marine diatoms, the pre
dominant phytoplankton group, remains limited. Diatoms are the cor
nerstones of marine food webs [17] and are responsible for 
approximately 20 % of global primary production [18]. They serve as 
major marine carbon sinks and key oxygen production sources, which 
are essential for supporting marine heterotrophs [19]. Consequently, 

any alteration at the photochemical or biochemical level resulting from 
exposure to contaminants has the potential to provide effective and 
ecologically relevant biomarkers with implications at the systemic level. 
In this context, Phaeodactylum tricornutum has been adopted as an eco
toxicological model to assess the toxicity of several organic and inor
ganic contaminants [20] using various analytical techniques such as 
optical phenotyping techniques [21–23], classical oxidative stress bio
markers [24–26], fatty acid profiling [27,28], and metabolomics [29]. 
The application of such a diverse array of techniques not only enables 
the identification of potential biomarkers of exposure to specific com
pounds but also facilitates the elucidation of the mechanisms of action 
underlying the effects of the tested substances. The cosmopolitan diatom 
species growth-rate inhibition test has been routinely employed to assess 
water quality in marine and brackish environments. [30,31]. The vast 
knowledge acquired for this species in terms of its biology, ecology and 
ecotoxicology makes P. tricornutum a suitable species for this type of 
bioassays [32–34]. Furthermore, this species is widely considered a 
representative model for phytoplankton responses to stressors. Its 
diminutive size renders it particularly suitable for investigating the ef
fects of chemical stressors on phytoplankton species, as smaller phyto
plankton organisms are known to be more substantially affected [30, 
35]. Recent studies have elucidated the sensitivity of photochemical, 
oxidative stress, and fatty acid biomarkers of this species to a diverse 
range of legacy and emerging contaminants [21,22,24,28]. Given the 
existing research on the ecotoxicity of these compounds, primarily in 
green algae, their persistence in marine environments, the prevalence of 
diatoms in marine and transitional ecosystems, and the paucity of in
formation regarding the metabolic effects of PCB-153 on phytoplankton, 
this represents a significant knowledge gap that warrants further 
investigation.

Therefore, the present study aimed to assess the effects of realistic 
PCB-153 concentrations on the accumulation and physiological traits of 
the diatom species P. tricornutum. The objective of this investigation was 
to elucidate the mechanism of action of this compound in this model 
organism and to characterize its toxicological effects on this key 
phytoplankton group. This was accomplished by evaluating 
P. tricornutum growth, energy and fatty acid metabolism, and oxidative 
stress, along with a biomarker discovery approach to identify potential 
physiological traits for future ecotoxicological assessments of marine 
diatoms.

2. Materials and methods

2.1. Exposure trials

In the present work, an axenic monoclonal cell culture of 
P. tricornutum Bohlin (Bacillariophyceae) (strain IO 108–01, Instituto 
Português do Mar e da Atmosfera (IPMA)) was maintained under 
asexual reproduction conditions in f/2 medium [36]. The axenic state of 
the culture was confirmed through periodic visual inspection under a 
microscope. Exposure trials were conducted as previously described 
[37]. Briefly, cultures were placed in a phytoclimatic chamber (tem
perature = 18 ◦C, 14/10 h day/night photoperiod, maximum PAR = 80 
μmol photons m− 2 s− 1 (RGB 1:1:1), programmed in a sinusoidal function 
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to mimic sunrise and sunset, and maximum light intensity at noon). 
Exposure was carried out according to the Organization for Economic 
Cooperation and Development (OECD) guidelines for algal assays [38]
with minor modifications. The initial cell density was set to 2.7 × 105 

cells mL− 1, a suitable value for microalgae cells with dimensions anal
ogous to those of P. tricornutum. Carbon was supplied by aeration in the 
ambient air. A 10 mg mL− 1 PCB-153 (2,2′,4,4′,5,5′-Hexachlorobiphenyl, 
Sigma-Aldrich, Germany) was used as the stock solution. Following a 
48-hour acclimation period, the cultures were supplemented with 
appropriate volumes of PCB-153 stock solution to achieve the target 
final concentrations (0, 1, 3, and 6 µg/L). According to the literature 
[39], this compound is highly persistent and has a lower degradability in 
aqueous media, thus considering a closed exposure setup. Due to the 
sample preparation requirements of the culture volumes for the various 
biochemical assays, PCB-153 concentrations were analyzed exclusively 
in the diatom cells. While the majority of extant literature focuses on 
PCB concentrations in sediments, the target dissolved concentrations 
were selected to encompass a range that reflected realistic environ
mental concentrations reported in the available literature [11,40]. 
Although PCBs typically appear at lower concentrations, results from the 
Seine Estuary report PCB concentrations of 1300 ng/L [11]. This was 
established as the environmental concentration, and progressive in
creases simulating elevated contamination scenarios (3 and 6 µg/L) 
were implemented to evaluate the effects of potentially increasing 
concentrations within the same order of magnitude as the maximum 
reported value obtained from the literature. Owing to the fast growth 
rate of this diatom, the exposure time was reduced to 48 h to avoid ar
tifacts resulting from cell aging observed at 72 h when the cultures 
entered the stationary phase [37]. Aseptic conditions were maintained 
by conducting all manipulations within a laminar flow hood chamber. 
Phaeodactylum tricornutum cell density was quantified utilizing a 
Neubauer-improved counting chamber under an Olympus BX50 inver
ted microscope (Tokyo, Japan) (magnification 400 ×).The mean specific 
growth rate (SGR) per day, doubling time (d, in days), and number of 
divisions per day (M) were calculated as follows (Eq. 1) [41]: 

d = ln
2

SGR
andM =

1
d

(1) 

At the end of the 48 h of the exposure period, cells were analyzed 
photochemically as described below (Section 2.2), centrifuged (4000 ×

g for 15 min at 4 ◦C), harvested for biochemical analysis, flash-frozen in 
liquid nitrogen, and stored at − 80 ◦C. All experimental conditions 
comprised three biological replicates for each analysis, resulting in a 
total of 12 independent experimental units.

2.2. PCB-153 diatom uptake

PCB 153 was extracted from diatom cells using the QuEChERS 
methodology [42]. First, a pellet corresponding to 30 mL of culture and 
known cell density was transferred to a 50 mL tube, and 15 mL of 1 % 
acetic acid in acetonitrile was added. Subsequently, 4 g of anhydrous 
magnesium sulfate, 1 g of sodium chloride, 1 g of monosodium citrate, 
and 0.5 g of sodium citrate dibasic sesquihydrate were added, and the 
tubes were shaken in a vortex for 1 min and centrifuged at 1500 rpm for 
1 min. Subsequently, 5 mL of the supernatant was transferred to another 
50 mL tube, and a clean-up salt mixture was added. 150 mg MgSO4 was 
used to absorb the remaining water in the extract; 25 mg of primary 
secondary amine (PSA) to eliminate the high concentrations of sugars, 
organic acids, or fatty acids contained in the sample, and 2.5 mg of 
graphitized carbon black (GCB) to remove the elevated levels of pig
ments. The tube was shaken by vortexing for 30 s and centrifuged at 
1500 rpm for 1 min [42]. Subsequently, the sample was concentrated 
using nitrogen flow to near-complete dryness, after which 1 mL of 
isooctane was added to the sample. Before being placed in vials, 25 μL 

and 100 μL of internal standards (PCB155 and PCB198) were added to 
the cell pellets to facilitate the analysis of the peaks by gas chromatog
raphy with an electron capture detector (GC-ECD, Hewlett Packard 6890 
Series GC gas chromatograph equipped with 63Ni-ECD, using a fused 
silica CP-Sil 8 CB column (60 m length, diameter 0.25 mm diameter, 0.1 
μm film thickness), according to ISO 10382 [43]. Five standard solutions 
were prepared, each with a concentration between 2 ng mL− 1 and 
12 ng mL-1 for the calibration curve. Sample quantification was per
formed using a GC-ECD (Hewlett Packard 6890 Series GC gas chro
matograph equipped with 63Ni-ECD, using a fused silica CP-Sil 8 CB 
column (60 m length, diameter 0.25 mm diameter, 0.1 μm film thick
ness), and the operating conditions and peaks corresponding to PCB 153 
were identified according to the corresponding retention time, as pre
viously described [43]. To ensure the quality control of PCB 153, a blank 
sample of the procedure was prepared, and a fortified blank sample and 
duplicate samples were prepared. For the blank and fortified samples, 
only DE was added to the extraction cell, and in the case of the fortified 
blank, 100 μL of the fortified standard was added. Fortified samples 
were prepared to evaluate the quality of the experiments. The criterion 
for acceptance of the blank samples was that their concentrations should 
be lower than the limit of detection (LD) of the method. For recovery 
tests, the value should be between 70 % and 130 %. For duplicate tests, 
the relative difference between the results should be less than 19.5 %.

2.3. Diatom photophysiology

Prior to cell harvesting, 1 mL of each replicate culture was utilized 
for photochemical chlorophyll a fluorescence measurements employing 
pulse amplitude modulated (PAM) fluorometry (FluorPen FP100, Photo 
System Instruments, Brno, Czech Republic). For photochemical assess
ment, culture subsamples were subjected to dark adaptation for 
15 minutes, and chlorophyll transient light curves were generated using 
the pre-programmed OJIP protocol. [44]. The derived parameters are 
listed in Table S1.

2.4. Pigment profiles

The cell pellets were homogenized with 100 % (v/v) cold acetone 
and sonicated to ensure cell disruption. Samples were extracted over
night at − 20 ◦C to prevent pigment degradation [25]. After extraction, 
the samples were centrifuged at 4000 × g for 15 min at 4 ◦C, and the 
clear supernatant was scanned (350 nm to 750 nm, 0.5 nm steps) using a 
dual-beam UV-1603 spectrophotometer (Shimadzu, Kyoto, Japan). 
Absorbance spectral data were analyzed using a Gauss-Peak Spectra 
(GPS) fitting library in SigmaPlot Software, and pigment concentrations 
were derived using the algorithm developed by [45]. The xanthophyll 
de-epoxidation state (DES) was calculated as the ratio of diatoxanthin to 
diadinoxanthin.

2.5. Fatty acid profiles

Cell pellets were trans-esterified using a methanol-sulfuric acid so
lution (97.5:2.5, v/v) at 70 ◦C for 60 min, and the resulting fatty acid 
methyl esters (FAMEs) were extracted using petroleum ether and dried 
under N2 stream in a dry bath at 30 ◦C [25,44]. After reconstitution with 
hexane, the FAMEs were analyzed using a gas chromatograph (GC-FID, 
Clarus590, PerkinElmer, EUA) under the previously described chro
matographic conditions [25,44]. Fatty acids were identified by 
comparing the retention times obtained from a standard collection 
(Sigma-Aldrich). Chromatograms were analyzed by the peak surface 
method using TotalChrome Navigator software (PerkinElmer, EUA). 
Pentadecanoic acid (C15:0) was used as an internal standard. The 
double bond index (DBI) was calculated as follows (Eq. 2): 
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2.6. Oxidative stress biomarkers

Soluble protein was extracted from cell pellets by sonication (1 min) 
in 50 mM sodium phosphate buffer (pH 7.6, supplemented with 0.1 mM 
Na-EDTA). To remove cell debris, the extracts were centrifuged at 
10,000 × g for 10 min at 4 ◦C and the supernatant containing proteins 
was collected. Protein concentration was determined as previously 
described [46]. Catalase (CAT), ascorbate peroxidase (APx), and su
peroxide dismutase (SOD) activities in the protein extract were analyzed 
by spectrophotometry using specific substrates, as previously described 
[24,44]. Lipid peroxidation products (assessed as thiobarbituric acid 
reactive substances (TBARS)) were analyzed spectrophotometrically 
[24,44] by extracting an additional cell pellet with trichloroacetic acid 
(20 % m/v), followed by a reaction with thiobarbituric acid (0.5 % 
m/v), and expressed as MDA equivalents.

2.7. Statistical analysis

All statistical analyses were performed using R-Studio 1.4.1717. Bar 
plots were generated using the ggplot2 package [47]. Non-parametric 
Kruskal–Wallis tests with Bonferroni post-hoc corrections were con
ducted using the agricolae package [48]. Spearman’s correlation co
efficients and significance were assessed using the corrplot package [49]. 
Spearman correlation coefficients (R2 > 0.75 or R2 < 0.75) and statis
tical significance (p < 0.05) were used as thresholds for generating 

volcano plots depicting the most relevant features significantly corre
lated with the externally applied PCB-153 dose and intracellular 
PCB-153 concentration. Partial least squares-discriminant analysis 
(PLS-DA) was used to evaluate the ability to successfully classify in
dividuals according to PCB-153 exposure concentrations using each of 
the considered biochemical and biophysical traits. Three components 
derived from the k-1 rule were used, where k is the number of experi
mental classes. Analyses were conducted using the Discriminer package 
[50]. Network analysis was conducted using Spearman’s correlation 
coefficients using the Hmisc package [51].

3. Results

3.1. PCB internalization and cell growth features

The intracellular PCB-153 concentration in diatom cells exhibited 
significant variation across all experimental treatments, demonstrating a 
pronounced increase in response to elevated exogenous concentrations 
of PCB-153. Notably, the highest intracellular concentration was 
observed in cells exposed to the maximum concentration tested 
(Fig. 1A). Concurrently, the evaluation of cell density growth kinetics 
during ecotoxicological investigation demonstrated a significant 
decrease in cellular density within 24 h of exposure to the contaminant 
(72 h), resulting in markedly reduced cell density values by the 
conclusion of the exposure period (Fig. 1B). Further examination of the 

Fig. 1. PCB-153 intracellular accumulation (A) and growth features (B: cell density; C: specific growth rate; D: growth inhibition; E: doubling time; F: divisions per 
day) in Phaeodactylum tricornutum cells exposed to different PCB-153 concentrations test average ± standard error, N = 3; different letters denote significant changes 
at p < 0.05).

DBI =
2 × (%monoenes + 2 × %dienes + 3 × %trienes + 4 × %tetraenes + 5 × %pentaenes)

100
(2) 
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specific growth rates (Fig. 1C) revealed significantly reduced growth 
rates for diatom cultures exposed to 3 and 6 µg/L PCB-153, with the 
lowest rates recorded in cultures exposed to the maximum PCB con
centration. This attenuation underscores the pronounced impediment in 
cellular proliferation due to increased PCB exposure, with maximal 
growth inhibition at 6 µg/L PCB-153. A calculated IC25 was possible to 
be achieved at 3.53 µg/L PCB-153. Considering the strong linear cor
relation between the exposed dose and the cell growth values measured 
within the range between 0 and 6 µg/L PCB-153, a predicted IC50 value 
of 7.09 µg/L PCB-153 could be derived, assuming a dose-response 
behavior similar to that reported within the range of tested concentra
tions. The No Observed Effect Concentration (NOEC) and the Lowest 
Observed Effect Concentration (LOEC) of 1 µg/L and 3 µg/L PCB-153, 
respectively, were determined. Concurrently, the doubling time signif
icantly increased in cultures exposed to 3 and 6 µg/L PCB-153, with 
maximum elongation observed at the highest PCB exposure concentra
tion. (Fig. 1E). Conversely, the rate of cellular division per day was 
significantly diminished following exposure to 3 µg/L and 6 µg/L, with 
the lowest division frequency observed in cultures exposed to 6 µg/L 
PCB-153 (Fig. 1F).

3.2. Diatom photochemical traits

The preliminary analysis of cellular photochemical characteristics 
utilizing Kautsky induction curves demonstrated significant alterations 
in the magnitude and morphology of the fluorescence profiles (Fig. 2). 
Specifically, cells exposed to higher concentrations of PCB-153 (3 and 
6 µg/L) demonstrated reduced fluorescence across all curve phases, 
accompanied by curvilinear morphological alterations characterized by 
a loss of distinct inflection points.

Analysis of fluorescence induction signals yielded insights into 
cellular photochemical metabolism (Fig. 3). Exposure to PCB-153 
significantly reduced the net rate of PSII RC closure compared with 
that in the controls (Fig. 3A). Cultures exposed to 3 µg/L and 6 µg/L 
PCB-153 demonstrated reduced oxidized quinone pool sizes, with the 
lowest values observed at the highest tested concentration. (Fig. 3B). 
The energy requirements for closing all RCs (Fig. 3C) and RC turnover 
rates (Fig. 3D) were significantly lower in cells exposed to 3 and 6 µg/L 
PCB-153. Grouping probability, indicative of PSII antenna dis
connectivity, significantly increased with increasing PCB-153 

concentration, peaking at 3 µg/L (Fig. 3E). Moreover, electron transport 
from PQH2 to PSI end electron acceptors (Fig. 3F) and PSI acceptor-side 
electron acceptor reduction efficiency (Fig. 3G) were significantly 
higher in cells exposed to 3 µg/L and 6 µg/L PCB-153. Structural and 
functional indices of photochemical (Fig. 3H) and non-photochemical 
processes (Fig. 3I) exhibited significant alterations, particularly in cul
tures exposed to the highest tested PCB-153 concentration, character
ized by decreased values in relation to photochemical reactions and 
concomitant increases with respect to non-photochemical reactions.

The energy fluxes governing photochemical processes demonstrated 
a significant reduction in absorbed, trapped, and transported energy 
fluxes with increasing PCB-153 exposure, with cultures exposed to 6 µg/ 
L PCB-153 exhibiting a more pronounced decline (Fig. 4A). The dissi
pated energy flux also decreased in cells exposed to either 3 or 6 µg/L of 
PCB-153 (Fig. 4A). The number of active RC significantly decreased at 
all tested concentrations, exhibiting a gradient reduction corresponding 
to increasing PCB-153 concentration (Fig. 4A). Furthermore, a signifi
cant decrease in RC density across the PSII antenna chlorophyll bed was 
observed even in cells exposed to lower PCB-153 concentrations, with a 
more pronounced reduction in cultures subjected to PCB concentrations 
ranging from 3 to 6 µg/L (Fig. 4B).

3.3. Pigment and fatty acid profiles

Upon examination of chlorophyll a, c, and pheophytin a concentra
tions in cells exposed to 3 and 6 µg/L PCB-153, a significant increase in 
these pigments was observed in cultures subjected to these treatments 
(Fig. 5A). Beta-carotene and diadinoxanthin concentrations exhibited 
significant increases, particularly in the cultures exposed to 3 µg/L PCB- 
153 (Fig. 5A). Fucoxanthin concentration demonstrated a significant 
increase with increasing PCB-153 exposure, reaching its maximum in 
cells exposed to 6 µg/L PCB-153 (Fig. 5A). Diatoxanthin concentration 
was significantly elevated in cells exposed to 3 µg/L PCB-153 compared 
to other treatments (Fig. 5A). No significant alterations were observed in 
DES indices (Fig. 5B). The chlorophyll a-to-c ratio was significantly 
higher in cells exposed to 3 µg/L PCB-153 than in control cultures 
(Fig. 5C).

No statistically significant differences were observed in the individ
ual fatty acid contents or classes (Fig. S1A), total content (Fig. S1B), or 
double bond index (DBI) parameters (Fig. S1C) among the various 

Fig. 2. Kautsky induction curve of Phaeodactylum tricornutum cells exposed to different PCB-153 concentrations (average, N = 3).
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treatments examined.

3.4. Oxidative stress biomarkers

The oxidative stress biomarkers examined (Fig. 6) exhibited 
increasing trends with elevated PCB-153 concentrations for all param
eters. Catalase activity was significantly higher in cells exposed to 1 and 
6 µg/L PCB-153 compared to the control (Fig. 6A). Ascorbate peroxidase 

activity reached its maximum in cells exposed to 6 µg/L of PCB-153 
(Fig. 6B). The highest superoxide dismutase activity was observed in 
cells exposed to 1 and 6 µg/L PCB-153 (Fig. 6C). Moreover, lipid per
oxidation products were elevated in cells exposed to PCB-153 compared 
to controls but demonstrated similar values across all exposure con
centrations (Fig. 6D).

Fig. 3. The net rate of PSII reaction center (RC) closure (Mo, A), size of the oxidized quinone pool (B), energy needed to close all RC (SM, C), RC turnover rate (N, D), 
grouping probability (PG, E), electron transport from PQH2 to the reduction of PSI end electron acceptors (RE0/RC, F), PSI acceptor side end electron acceptor 
reduction efficiency (δR0, G), structural and functional index of the photochemical (SFI, H) and non-photochemical [SFI(NPQ), I] reactions of Phaeodactylum tri
cornutum cells exposed to the different PCB-153 concentrations tested (average ± standard error, N = 3; different letters denote significant changes at p < 0.05).

Fig. 4. Absorbed (ABS/CS), trapped (TR/CS), transported (ET/CS), and dissipated (DI/CS) energy fluxes, number of active reaction centers (RC) (RC/CS) heatmap 
(A), and RC density within the antenna chlorophyll bed of PSII (RC/ABS, B) of Phaeodactylum tricornutum cells exposed to different PCB-153 concentrations tested 
(average ± standard error, N = 3; different letters denote significant changes at p < 0.05).
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Fig. 5. Chlorophyll a and c, pheophytin a, carotenoid concentrations (A), the de-epoxidation state (DES) index (B), and chlorophyll a to c ratio (C) in Phaeodactylum 
tricornutum cells exposed to the different PCB-153 concentrations tested (average ± standard error, N = 3; different letters denote significant changes at p < 0.05).

Fig. 6. Catalase (CAT) (A), ascorbate peroxidase (APx) (B), and superoxide dismutase (SOD) (C) activities and thiobarbituric acid reactive substances (TBARS) (D) in 
Phaeodactylum tricornutum cells exposed to the different PCB-153 concentrations tested (average ± standard error, N = 3; different letters denote significant changes 
at p < 0.05).
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3.5. Dose-response relationships and multivariate classification

Regarding dose-response relationships (Fig. 7), a clear correlation 
was observed between the intracellular concentration of PCB-153 and 
the applied exogenous dose. However, photochemical and biochemical 

traits exhibited distinct responses to exogenous or intracellular PCB-153 
levels. Upon comparison of biomarkers to the nominal concentration of 
PCB-153 applied, 28 biomarkers demonstrated significant correlations: 
14 were directly correlated and 14 were inversely correlated. In 
contrast, a smaller number of biomarkers exhibited significant dose- 

Fig. 7. Spearman volcano plots between the PCB-153 concentration applied exogenously and detected intracellularly and the growth parameters, photochemical 
traits, pigment concentrations, oxidative stress biomarkers, and fatty acid profiles of the Phaeodactylum tricornutum cells exposed to the different PCB-153 con
centrations tested (horizontal dashed line indicates the p < 0.05, and vertical dashed lines indicate R2 = 0.75 (right) and R2 = -0.75 (left) thresholds, delimiting the 
highly significant and strong correlations).

Fig. 8. Partial Least Square Discriminant Analysis (PLS-DA) biplots and confusion matrices relative to the photochemical, pigment, oxidative stress, and fatty acid 
traits measured in Phaeodactylum tricornutum cells exposed to the different PCB-153 concentrations tested.
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response relationships with intracellular PCB-153 concentration: 11 
traits demonstrated significant direct correlations, while 10 displayed 
inverse correlations. Notably, a high number of photochemical traits 
exhibited significant dose-response relationships with the nominal 
exogenous concentration, both directly and inversely. Regarding 
oxidative stress biomarkers, CAT, SOD, and APx activities exhibited 
strong correlations with the exogenous PCB-153 dose, whereas only APx 
and CAT activities demonstrated correlations with intracellular PCB-153 
concentration. Growth inhibition and specific growth rate (SGR) were 
directly and inversely correlated, respectively, with both exogenous and 
intracellular PCB-153 levels. In the pigment profile, only fucoxanthin 
and phaeophytin a exhibited a significant correlation with intracellular 
PCB-153 concentrations. However, additional pigment profile traits had 
significant dose-response relationships when compared to the exoge
nous PCB-153 dose. Among the fatty acids examined, only the concen
tration of C16:4 exhibited a statistically significant relationship with 
PCB-153 exposure, demonstrating an inverse correlation with the 
administered dose.

The network analysis revealed that the complexity of the generated 
network (Fig. S2A) demonstrated a highly intricate biophysical and 
biochemical response with complex interrelationships. The majority of 
the edges (lines) connecting nodes (variables) were associated with 
photochemistry and pigment composition. Upon examination of the 
positive relationship network (Fig. S2B), several common responses 
were observed among the photochemical and pigment variables, as well 
as between these variables, fatty acid composition, and oxidative stress 
biomarkers. For example, Chlorophyll a, Chlorophyll c, and Diadinox
anthin appear to have a strong positive correlation with several vari
ables, particularly those associated with fatty acids (e.g., C18:1 and 
C16:2) and biochemical stress markers (e.g., SOD and TBARS), indi
cating a common response of these metabolic segments. The majority of 
the inverse relationships observed among the analyzed variables were 
identified between pigment concentration-related variables and photo
chemical traits (Fig. S2C). Furthermore, CAT and APx exhibited a high 
number of edges with other variables, indicating an inverse relationship 
with numerous photochemical traits. The notably higher density of 
edges in the photochemical, oxidative stress, and pigment-related sec
tors underscores the centrality of these traits in the cellular response to 
PCB-153 exposure.

We employed a PLS-DA approach to assess the capacity of various 
datasets to differentiate between exposure groups and evaluate model 
accuracy (Fig. 8). Fluorescence data (raw Kautsky curve data to avoid 
co-variable interference) effectively differentiated experimental groups 
exposed to low PCB-153 concentrations, but exhibited high error rates 
for samples subjected to the highest concentrations, resulting in a model 
accuracy of 66.7 %. The pigment profile model based solely on indi
vidual pigment content demonstrated the highest classification accuracy 
(100 %) across all experimental groups. In contrast, the oxidative stress 
dataset exhibited the lowest classification accuracy (58.3 %), primarily 
due to misclassification of samples exposed to 3 µg/L PCB-153. How
ever, classical univariate statistical analyses did not reveal any signifi
cant changes along the exposure gradient of the fatty acid profile, 
whereas models based on the fatty acid profile demonstrated high ac
curacy in detecting cells exposed to both the lowest and highest quan
tities and achieved moderate-to-high accuracy (66.7 %) for intermediate 
concentrations, yielding an overall model accuracy of 83.3 %.

4. Discussion

Previous research on the effects of PCBs on marine and freshwater 
phytoplankton has demonstrated their susceptibility to exposure to 
these contaminants. Early studies indicated that marine Thalassiosira 
pseudonana and Skeletonema costatum species exhibit reduced growth 
rates at PCB concentrations as low as 10–25 ppb, whereas freshwater 
and marine green algae species (Dunaliella tertiolecta) display resistance 
[52]. Differential sensitivities among freshwater algae have been 

attributed to PCB adsorption on glass surfaces and species-specific up
take properties rather than enzymatic degradation. [53]. A previous 
study targeting the green alga Pseudokirchneriella subcapitata demon
strated high toxicity of PCB 28, whereas PCBs 101 and 153 exhibited 
lower toxicity [54]. At the community level, marine phytoplankton 
isolates experienced temporary suppression of growth rate and photo
synthesis at 10 µg/L PCB-153, with reduced chlorophyll a levels per cell 
and lower cell concentrations across all size classes [55]. In the present 
study, growth inhibition occurred at concentrations comparable to those 
previously reported, with severe effects observed at concentrations 
exceeding 3 µg/L, resulting in calculated IC25 and predicted IC50 values 
of 3.53 and 7.09 µg/L PCB-153 respectively, as well as a NOEC and a 
LOEC of 1 µg/L and 3 µg/L PCB-153, respectively. This growth inhibi
tion was directly correlated with PCB-153 exposure dose and internal
ization in diatom cells, with cultures demonstrating a classical 
dose-response relationship. Research has indicated that PCB-153 can 
bioaccumulate in marine organisms, including diatoms [56]. In these 
phytoplankton species, PCB accumulation was observed to correlate 
with the degree of resistance exhibited by the strains, with lower 
accumulation noted in resistant strains compared to sensitive strains 
[56]. Additional research has demonstrated that light intensity is a 
critical factor influencing PCB-153 accumulation in diatoms, with 
higher light intensities resulting in increased toxicity and accumulation, 
thereby underscoring the interference of this compound in diatom 
photophysiology [57]. Our results are consistent with these findings 
(Table 1). Considering the previous half-maximal effective concentra
tion for the tested PCB and other PCB compounds, the predicted IC50 
results presented here are within the range observed for the same 
compound tested in Selenastrum capricornutum [58] and far below those 
observed for the remaining tested compounds, indicating a potentially 
higher toxicity of this compound when compared to other PCBs. How
ever, it is important to note that there are also reports of half-maximal 
effective concentration values for PCB-153 significantly higher than 
those reported in this study [59,60], suggesting potential 
species-specific or culture-condition-specific effects of this compound. 
Furthermore, none of the previously reported studies have focused on 
the effects of marine diatoms, thus underscoring the necessity of the 
present investigation.

Although the mechanism of action of this compound in autotroph 
photochemistry remains unclear, our findings indicate its effects at 
multiple stages of the photochemical process. A severe reduction was 
observed in the number of available RCs for light harvesting on a cross- 
section and chlorophyll bed basis (as shown by RC/CS and RC/ABS, 
respectively), and in the functioning of these critical systems. More 
specifically, the rate at which the RCs were reduced upon illumination 
(Mo), the energy needed to reduce these systems (SM), and their reox
idation rate (N) were severely reduced upon PCB-153 exposure. More
over, the connectivity of the PSII antennae, which is crucial for light- 
energy harvesting, was reduced upon PCB-153 exposure, adding addi
tional constraints to the light-harvesting process [62]. The reduction of 

Table 1 
Reported data on the ecotoxicity parameter EC50 (half maximal effective con
centration) of PCB-153 and other PCB compounds in different marine algae.

Compound Species used EC50 Reference

PCB− 153 Pseudokirchneriella 
subcapitata

36.088 mg/L [60]

PCB− 153 Tetraselmis suecica 3.96 mg/L [59]
PCB− 153 Selenastrum capricornutum 0.0051 mg/L - 

0.0866 mg/L
[58]

PCB− 153 Pseudokirchneriella 
subcapitata

0.05–0.6 mg/L [61]

PCB− 153 Scenedesmus obliquus ~0.25 mg/L [61]
PCB− 31 Selenastrum capricornutum 78.6 mg/L [58]
PCB− 48 Selenastrum capricornutum 48.3 mg/L [58]
PCB− 105 Selenastrum capricornutum 5.47 mg/L [58]
PCB− 153 Phaeodactylum tricornutum 7.09 µg/L This study
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both available RC abundance and functioning inevitably diminishes the 
capacity of diatoms to harvest photons and convert their energy into 
electron potential (TR/CS). This phenomenon was accompanied by a 
reduced efficiency in utilizing the harvested energy for the production of 
chemical energy throughout the electron transport chain (ETC) in 
PCB-153-exposed diatoms. This is confirmed by the reduced size of the 
oxidized quinone pool available to transport the generated electrons, 
leading to a reduced electron transport energy flux and consequently 
impairing the electron transport from PQH2 to the reduction of PSI end 
electron acceptors (RE0/RC), and reducing the PSI acceptor side end 
electron acceptor reduction efficiency (δR0). In contrast to observations 
in diatoms exposed to other organic contaminants [25,26], the propor
tional decrease in the absorbed and dissipated energy flux suggests a 
reduction in the light-harvesting process with subsequent proportional 
effects on photochemical events, rather than an inability to utilize the 
harvested energy.

This evidence suggests a direct influence of PCB-153 on PSII subunits 
and RC complexes, with subsequent indirect effects on the ETC, in 
contrast to the typically observed direct effects of exposure to organic 
contaminants on the diatom ETC [27,44]. Given its anchoring within a 
membrane system, any direct effect on the electron transport chain 
(ETC) following contaminant exposure is typically associated with al
terations in diatom fatty acid profiles [28,63]. However, the exposed 
diatoms exhibited no significant differences at the individual fatty acid 
level, indicating that none of these compounds were directly affected by 
PCB-153 exposure, including those within the diatom thylakoid mem
brane. Among the fatty acids, only C16:4 concentration demonstrated a 
significant relationship to PCB-153 exposure, displaying an inverse 
correlation with the applied dose. This fatty acid is exclusively present in 
plastidial lipids, predominantly in monogalactosildiacylglycerol 
(MGDG), which constitutes the majority of thylakoid lipids [37]. This 
finding reinforces the hypothesis that PCB-153 directly affects the PSII 
complex rather than its peripheral photochemical components.

The increase in lipid peroxidation products (TBARS) was observed 
exclusively at lower PCB-153 concentrations, and their unaltered 
maintenance at higher levels corroborates not only the diminished effect 
of PCB-153 on the fatty acid profiles (particularly unsaturated ones) but 
also the potential activation of reactive oxygen species (ROS) buffer 
mechanisms even at exceedingly low PCB-153 concentrations. Previous 
studies have indicated that exposure to PCB-153 activates oxidative 
stress mechanisms in autotrophic organisms, which is inherently asso
ciated with decreased photosynthetic efficiency and enhanced expres
sion or accumulation of transcripts (mRNA) of SOD genes [64,65]. Our 
results indicate proficient activation of the antioxidant enzymatic sys
tem at PCB-153 concentrations above 1 µg/L, efficiently quenching the 
generated ROS and preventing lipid peroxidation at the electron trans
port chain level. This observation aligns with the established suscepti
bility of Photosystem II (PSII) proteins to oxidative stress induced by 
reactive oxygen species (ROS) generated during photosynthesis [66], 
particularly the D1 protein in the PSII RC [67]. Moreover, PSII protein 
components are known to be more prone to oxidative stress than 
membrane ETC [68]. These findings support the hypothesis that the 
primary mechanism of toxicity is the direct impact of PCB-153 on the 
PSII complexes and their associated protein subunits.

Additional evidence supporting this mechanism can be observed 
through the analysis of diatom pigment composition upon PCB-153 
exposure. Cultures exposed to higher PCB-153 concentrations showed 
increased cellular concentrations of chlorophyll a and its degradation 
product, pheophytin a. The latter is formed by the loss of the Mg atom in 
the center of the chlorophyll a molecule, which is typically associated 
with acidic conditions or oxidative stress [69]. Tetrapyrroles, including 
pheophytin, may result from oxidative stress-induced chlorophyll a 
degradation or tetrapyrrole-dependent mitigation of ROS generation 
and/or accumulation because their heme structure exhibits intrinsic 
peroxidase activity, making them important cofactors in 
ROS-detoxifying enzymes, including catalases and superoxide 

dismutases [69].
Another significant observation in the diatom pigment profile is the 

fucoxanthin cellular concentration, which demonstrated a marked in
crease along the PCB-153 exposure gradient. Research has indicated that 
fucoxanthin mitigates reactive oxygen species (ROS) generation, re
duces lipid peroxidation, and enhances antioxidant levels in cells sub
jected to oxidative stress [70,71], including in marine diatoms [72]. 
Unlike many carotenoids, fucoxanthin functions beyond photo
protection and plays a vital role in light harvesting as part of 
fucoxanthin-chlorophyll proteins (FCPs) in diatoms [73]. Fucoxanthin 
efficiently transfers excitation energy to chlorophyll a, the main 
light-harvesting pigment [74]. Although FCPs are involved in both PSI 
and PSII, specific FCP subsets have been identified for each photosystem. 
In Cyclotella meneghiniana, FCPa associates with PSII, whereas a distinct 
FCP complex binds tightly to PSI [75]. These FCP photosystem super
complexes facilitate efficient energy transfer, with fucoxanthin playing a 
key role in light harvesting [76,77]. The results obtained from the 
PCB-153-exposed diatoms indicate that the increase in fucoxanthin 
cellular concentration, concurrent with the decrease in PSII efficiency, 
suggests a negative feedback mechanism. This mechanism appears to 
maintain light-harvesting capacity while simultaneously enhancing PSII 
protection against oxidative stress, thereby enabling the cells to preserve 
a degree of photosynthetic efficiency even at higher PCB-153 concen
trations examined.

Although PCB-153 exposure resulted in a complex network of events, 
as demonstrated by the network analysis (Supplementary Fig. S2), the 
primary events and consequences underlying the observed adverse 
outcomes can be summarized for enhanced comprehension (Fig. 9). In 
summary, PCB-153 exposure directly affects PSII reaction centers, 
impairing their capacity to capture and process light energy. This leads 
to a reduction in RC density and PSII antennae connectivity, ultimately 
impacting the light-harvesting capacity. Exposure to this compound also 
diminishes the ability to convert captured light into chemical energy 
(electron potential) and electron transport due to impaired quinone pool 
oxidation and lower reoxidation rates. This results in an accumulation of 
redox potential and the generation of reactive oxygen species (ROS), 
causing oxidative damage. The activation of antioxidant enzymes, such 
as SOD and CAT, allows, to a certain extent, the quenching of ROS. This 
was facilitated by an increase in Fucoxanthin concentration, which also 
mitigated the decreased light-harvesting efficiency. Nevertheless, ROS 
are not completely quenched, and Chlorophyll a degrades into Pheo
phytin a, accompanied by an increase in lipid peroxidation products 
resulting from cellular and plastidial membrane damage, which also has 
inevitable consequences for thylakoid photochemical processes.

In addition to elucidating the mechanism of action and endpoint 
effects of PCB-153, it is imperative to ascertain whether these physio
logical alterations can be utilized as effective indicators of its toxicity. 
Using a multivariate approach, the diatom pigment profiles proved to be 
a more efficient dataset for distinguishing different experimental expo
sure groups. Although no significant univariate differences were found 
in the diatom fatty acid profile, the subtle changes observed in intricate 
fatty acid metabolism revealed a high sensitivity in depicting the 
experimental exposure groups. This observation aligns with previous 
findings regarding the impact of various organic and inorganic con
taminants on marine diatoms, underscoring the utility of a compre
hensive analysis of diatom fatty acid profiles for detecting subtle 
alterations in ecotoxicity assessments [28]. The Kautsky curve and 
oxidative stress biomarker datasets exhibited the lowest integrated 
multivariate capacity to differentiate experimental PCB-153 exposure 
groups. Nevertheless, using a classical dose-response linear approach, 
several biomarkers were identified by comparing the responses of 
different parameters to the exogenous PCB-153 dose applied, as well as 
with the internalized concentration of this non-dioxin-like PCB. Several 
of the evaluated traits exhibited a consistent pattern when compared 
with exposure and measured PCB-153 cellular concentrations. Specif
ically, pheophytin a, fucoxanthin, catalase activity, SFI (NPQ), and 
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classical growth inhibition emerged as the most appropriate directly 
related biomarkers for PCB-153 dose application and internalization. 
These findings are consistent with the mode-of-action hypothesis dis
cussed above. Conversely, parameters related to PSII RC functioning 
(ABS/CS, ET/CS, TR/CS, SM, and Mo), SFI, and the classical specific 
growth rate exhibited a strong inverse correlation with the applied and 
internalized PCB-153 dose, indicating potential biomarkers. Further
more, this set of inversely correlated biomarkers corroborates the pro
posed PCB-153 mode of action hypothesis, substantiating their utility for 
ecotoxicological assessments and elucidating their metabolic and 
physiological effects in marine diatoms.

5. Conclusions

Non-dioxin-like PCB-153 induces severe impairment of marine 
diatom growth, even at very low concentrations, affecting key physio
logical processes. The observed toxicity is likely associated with direct 
effects on the functionality and abundance of PSII active RCs in marine 
diatoms, as they exhibit high sensitivity to oxidative stress induced by 
PCB-153 exposure. This impairment of PSII initiates cascading effects on 
the energy transduction pathway and chemical energy production sys
tem within these abundant marine primary producers, potentially 
significantly impacting ocean productivity and oxygen production. By 
affecting the base of the marine food web, exposure to this pollutant may 
potentially influence species at higher trophic levels, leading to alter
ations in the structure and function of marine communities and inevi
tably affecting the overall health of the marine ecosystem. Beyond these 
ecological consequences, the physiological impacts of PCB-153 on di
atoms have also facilitated the identification of an efficient and reliable 
set of biomarkers for future ecotoxicological assessments, providing 
sensitive responses even at low environmentally relevant concentra
tions. These biomarkers demonstrate significant potential for informing 
environmental monitoring programs and guiding policy-making efforts 
aimed at mitigating the impact of these persistent contaminants in 
marine systems.

Environmental implication

Despite the worldwide ban on PCBs, the congener 153 (PCB-153, 2, 
2′, 4, 4′, 5, 5′–hexachlorobiphenyl) is still detected at significant con
centrations in biotic and abiotic compartments, with reported toxic ef
fects in several organisms. Nevertheless, despite its evaluation in several 
model organisms, the effects and mode of action of PCB-153 on the 
major marine phytoplankton group, diatoms, remain largely unknown. 
Considering this knowledge gap, it is of utmost importance to depict 
these mechanisms while extracting potential effect biomarkers of 
diatom exposure to PCB-153 for future ecotoxicological assessments, 
ultimately aiding in mitigating its environmental impacts.
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