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Contrasting sensitivity among oligotrophic marine microbial communities 
to priority PAHs 

Ananya Ashok *, Susana Agusti 
Red Sea Research Center, King Abdullah University of Science and Technology, Saudi Arabia   

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  

• Microbes dominate oligotrophic seas but 
little is known of their pollution 
tolerance. 

• Red Sea HNA bacteria were the most 
tolerant to a mixture of 16 priority 
PAHs. 

• Cyanobacteria (Synechococcus) were 
more tolerant to PAHs than LNA 
bacteria. 

• Picophytoplankton was up to 6 times 
more sensitive to the mixture than sin-
gle PAHs. 

• The LC10 thresholds approached the 
ambient PAH levels reported in the Red 
Sea.  
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A B S T R A C T   

Oligotrophic areas represent a large proportion of the oceans, wherein microbial food webs largely determine 
carbon flux dynamics and biogeochemical cycles. However, little is known regarding the sensitivity of microbial 
planktonic communities to pollutants in such areas. Organic pollutants such as polycyclic aromatic hydrocarbons 
(PAH/s) are toxic oil derivatives that occur as complex mixtures and reach marine environments through 
different sources. Therefore, our study analyzed the PAH tolerance of natural photosynthetic and heterotrophic 
bacteria and eukaryotes from the oligotrophic Red Sea, which is uniquely susceptible to high oil contamination. 
Natural communities sampled from the surface layer were exposed to a concentration gradient of a mixture of 16 
priority PAHs at in situ conditions for 48 h. The populations of the dominant picocyanobacteria Synechococcus sp., 
picophytoeukaryotes, and low nucleic acid (LNA) bacteria decreased upon exposure to PAHs in a strong dose- 
dependent manner. Chlorophyll-a, which was measured as an indicator of the total autotrophic community 
response, also decreased substantially. High nucleic acid (HNA) bacteria, however, exhibited lower growth in-
hibition (<50%). The lethal concentration (LC10) thresholds to the 16-PAH mixture demonstrated contrasting 
sensitivities among the microbial communities studied increasing from picoeukaryotes (5.98 ± 2.08 μg L− 1) <
chlorophyll-a (19.51 ± 8.11 μg L− 1) < LNA bacteria (23.63 ± 10.64 μg L− 1) < Synechococcus sp. (26.77 ± 13.34 
μg L− 1) < HNA bacteria (97.13 ± 17.28 μg L− 1). The sensitivity of Red Sea Synechococcus and picophytoeu-
karyotes to the 16-PAH mixture was between 2 and 6.5 times higher compared to single PAH compounds tested 
previously. However, some populations of HNA bacteria and Synechococcus sp., were highly tolerant, suggesting 
an adaptation to chronic pollution. Concerningly, the LC10 toxicity thresholds approached the ambient PAH 
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concentrations in the Red Sea, suggesting that environmental oil pollution actively shapes the microbial com-
munity structures in the region.   

1. Introduction 

Microorganisms smaller than 100 μm constitute an unseen majority 
both in terms of numbers and biomass in the world’s oceans (Kirchman, 
2010). Among these natural microbial communities, smaller phyto-
plankton or picophytoplankton and heterotrophic bacteria are impor-
tant functional groups (Azam et al., 1983; Kirchman, 2010). High 
productivity oceanic areas are generally dominated by larger phyto-
plankton, whereas oligotrophic waters characterized by low biomass 
and primary productivity are dominated by picophytoplankton (Agawin 
et al., 2000). Furthermore, in such areas, heterotrophic bacteria and the 
microbial loop (Azam et al., 1983) dominate the flux of carbon and other 
elements (Tortell et al., 1999) performing an efficient recycling of 
organic matter. A large proportion of the world’s oceans are oligotrophic 
(Irwin and Oliver, 2009), and therefore any factor that alters the func-
tioning of the microbial loop and microbial photosynthesis (e.g., 
pollutant exposure) could affect crucial ecosystem services such as 
food-chain sustenance and other biogeochemical processes dependent 
on these microbes. 

Polycyclic aromatic hydrocarbons (PAH/s) are ubiquitous pollutants 
released from a variety of sources such as oil spills, oily water dis-
charges, and combustion followed by atmospheric deposition 
(González-Gaya et al., 2016; Neff, 2002). The toxic effects of PAH 
exposure to marine microorganisms include reductions in cell abun-
dance (Cerezo and Agustí, 2015a; Echeveste et al., 2010a, 2010b; Teira 
et al., 2007), inhibition of photosynthesis (Othman et al., 2012, 2018), 
upregulation of genes involved in oxidative stress response and disrup-
tion of the DNA synthesis cycle (Cerezo and Agustí, 2015), and impaired 
silicon uptake in diatoms (Carvalho et al., 2011). PAH exposure has also 
been reported to alter the composition of entire microbial communities 
(Lekunberri et al., 2010; Othman et al., 2018). Further, given that PAH 
toxicity increases with decreasing cell size, picophytoplankton and other 
similarly sized microbial groups could be more sensitive to these com-
pounds, thereby affecting the balance in oligotrophic marine environ-
ments where food webs are reliant on them (Cerezo and Agustí, 2015a; 
Echeveste et al., 2010a). Besides, heterotrophic bacteria that proliferate 
in oil-contaminated regions potentially participating in hydrocarbon 
degradation could be crucial to determining the fate of these pollutants 
(Doyle et al., 2018; Lekunberri et al., 2010; Mustafa et al., 2016; Teira 
et al., 2007). Therefore, additional research is required to characterize 
the response of photosynthetic and heterotrophic microbial commu-
nities to PAHs in oligotrophic areas. 

The Red Sea is the warmest oligotrophic marine basin in the world 
with distinctive differences its physicochemical properties such as 
temperature, salinity, nutrients affecting primary productivity across its 
latitudinal extent (Gittings et al., 2018). This basin is also chronically 
polluted by oil and its derivatives, including PAHs (Kostianaia et al., 
2020). The prolific oil extraction activities in the region from several 
offshore oil fields, oil rigs, and transporting pipelines add to the emis-
sions from seafloor hydrocarbon seeps and vents, resulting in extensive 
PAH contamination in air, seawater, sediments, and marine biota 
(Al-Farawati et al., 2008; Rasiq et al., 2019; Said and el Agroudy, 2006). 
Kottuparambil and Agusti (2018) reported that Synechococcus sp., an 
abundant photosynthetic cyanobacteria that inhabits the Red Sea, was 
uniquely tolerant to individual PAHs (phenanthrene and pyrene) 
compared to its counterparts in other oceanic regions. However, in 
addition to a total lack of information on the tolerance of heterotrophic 
microbial communities, which play a crucial role in degradation of 
PAHs, the sensitivity of Synechococcus sp., and other autotrophic com-
munities from this region to mixtures of PAHs is also unknown. 

Given that mixtures can be potentially more toxic and representative 

of actual pollution scenarios (Kortenkamp and Faust, 2018), our study 
sought to characterize the sensitivity of oligotrophic marine microbial 
communities from the chronically contaminated Red Sea to a mixture of 
16 priority PAHs identified by the United States Environmental Pro-
tection Agency (USEPA) and other environmental institutions as highly 
toxic and widespread environmental contaminants. We hypothesized 
that the chronic contamination in the Red Sea could have led to selection 
for high tolerances in these microbial communities, and that metabolic 
and functional differences between the groups will be reflected in their 
sensitivities. Therefore, in a series of 48 h in situ exposure experiments, 
we evaluated cell abundance changes to establish lethal concentration 
(LC) thresholds for natural populations of Synechococcus sp., picophy-
toeukaryotes, high nucleic acid (HNA) and low nucleic acid (LNA) het-
erotrophic bacterial groups. The links between determined sensitivity 
thresholds of different microbial communities and observed environ-
mental parameters in the Red Sea were also investigated. 

2. Materials and methods 

2.1. Sampling locations and procedures 

All experiments were performed using surface seawater (5 m) 
sampled from open and coastal locations in the Red Sea. A total of 10 
stations were sampled along a latitudinal gradient from 24◦ 21′ 36′′ N, 
37◦ 5′ 24′′ E to 18◦ 40′ 12′′ N, 40◦ 13’ 12” E in the Red Sea (Table 1, 
Fig. 1), among which seven were open water (OS) stations sampled 
during the Deep research cruise onboard the R/V Thuwal in April 2019, 
and three were coastal area stations (CS) close to the King Abdullah 
University of Science and Technology (KAUST), including the KAUST 
harbor, a pelagic water station, and a lagoon. Table 1 summarizes the 
coordinates and characteristics of the sampling locations. At the OS 
stations, seawater was collected by deploying Niskin bottles (GoFLow) 
fitted to a conductivity-temperature-depth (CTD) rosette. Surface water 
samples (5 m) from CS stations were collected using a single Niskin 
bottle. Five liters of surface seawater (5 m) from all stations were 
transferred directly from the Niskin bottles into acid-washed carboys. 
The transferred seawater was filtered with a 100 μm mesh filter to 
remove larger organisms. Initial chlorophyll-a abundance in the 
seawater was measured in a 300-mL sub-sample and analyzed as indi-
cated below. To count the initial abundances of picophytoplankton and 
heterotrophic bacteria, 1.5 mL of seawater was aliquoted into 2 mL 
cryovials, then preserved at − 20 ◦C after the addition of 60 μL of 
glutaraldehyde (25% v/v). Flow cytometry was then conducted to 
identify different community components and quantify their abun-
dances (See the Supplementary Information (SI) for more details). 
Seawater properties such as conductivity, temperature, and salinity 
were measured in situ with a CTD-rosette water-column profiler in the 
OS stations or separately with a temperature-conductivity probe in the 
CS stations. 

2.2. Experiments with natural microbial communities 

A total of 10 experiments were conducted, one per sampling station. 
A mixture of 16 priority PAHs (Sigma Aldrich, Germany) was used as the 
test pollutant. STable 1 summarizes the composition of the PAH mixture. 
From the purchased standard, a parent stock (1000 μg mL− 1 of 

∑
16- 

PAHs) was prepared in HPLC-grade dimethyl sulfoxide (DMSO). The 
parent stock was used to prepare lower concentration working stock 
solutions of 100, 10, and 1 μg mL− 1 ∑16-PAHs in DMSO. Stock solutions 
were tightly capped, Teflon-taped to prevent evaporation, and stored in 
the dark at room temperature. The incubation experiments were 
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initiated by transferring 100 mL of the sampled surface seawater into 18 
solvent-rinsed 125 mL Erlenmeyer’s flasks. The flasks were then spiked 
with 

∑
16-PAHs stock solutions at nominal concentrations of 0.1, 0.5, 1, 

5, 10, 50, and 100 μg L− 1 and gently vortexed to promote better disso-
lution. All treatments were prepared in duplicate. Flasks containing only 
seawater with no PAHs and flasks containing 0.05% DMSO in seawater 
were incubated as the control and solvent control, respectively. The final 
concentration of DMSO in the experimental flasks was below 0.05%. 
After adding the PAHs, the flasks were incubated for 48 h under natural 
solar radiation in a tank recirculating surface seawater to maintain the in 
situ temperature conditions. Temperature and light intensity in the tanks 
were monitored using HOBO data loggers and showed values within 
range of the Red Sea (Chaidez et al., 2017) (Fig. S6). All OS experiments 
were conducted onboard the R/V Thuwal, whereas the CS experiments 
were conducted at the CMOR SeaLABS Facility. The tanks were covered 
with a neutral mesh that attenuated the sunlight to mimic the in situ 
irradiance conditions at a 5-m depth. Temperature and light intensity 
were monitored and recorded at 10-min intervals using HOBO data 
loggers attached to the incubation tanks. 

2.3. Analysis of microbial communities 

The experiment flasks were sampled at the beginning of the experi-
ment (0 h), and then at 24 and 48 h to count the microbial groups. 
Exposure duration of 48 h in our experiment chosen to evaluate acute 
toxicity is the common norm for natural phytoplankton populations 
(Echeveste et al., 2010a, 2010b) and longer than exposure durations for 
heterotrophic bacteria evaluated previously [2 h (Karlsson et al., 2019),] 
allowing a higher resolution of responses. At each sampling event, 1.5 Ta
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Fig. 1. Location of the sampling sites within the Red Sea. OS = Open water 
stations. CS = Coastal area stations. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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mL of seawater was collected in cryovials and fixed by adding 60 μL of 
glutaraldehyde (25% v/v). The samples were flash-frozen in liquid ni-
trogen and stored at − 20 ◦C. Cell counts of picophytoplankton com-
munities (Synechococcus, picoeukaryotes) were flow-cytometrically 
measured with non-stained samples quantifying their pigment auto-
fluorescence in orange (PE) and red channels (PerCP-Cy-5) (Gasol and 
Morán, 2015). Heterotrophic bacteria (HNA bacteria, LNA bacteria) 
were also quantified flow cytometrically after staining the fixed samples 
with SYBR Green I, a blue-light excited nucleic acid dye that allows 
distinguishing of heterotrophic prokaryotes from autotrophic compo-
nents, and into two clusters based on their green fluorescence (FITC) 
signal indicating DNA content (Marie et al., 1997). Fresh samples were 
analyzed on-board CyFlow Cube 8 benchtop compact flow cytometer, 
and fixed samples in the lab using FACS Canto II flow cytometer (Becton 
Dickinson, San Jose, California)]. For details, see SI. 

2.4. Analytical techniques 

At the end of each experiment, seawater samples were collected to 
quantify chlorophyll-a and analyze the concentration of the 16 dissolved 
PAHs. Chlorophyll-a was also measured in the initial (t0) seawater to 
characterize the environmental conditions, as well as at the end of the 
48 h incubation as a measure of the total autotrophic microbial com-
munity response to the 16-PAH mixture. Briefly, at the end of each 
experiment, the remaining seawater volume in the treatment flask was 
measured (73–100 mL) and passed through Whatman™ GF/F glass fiber 
filters (nominal pore size of 0.7 μm) to measure the chlorophyll-a con-
centrations following the extraction protocols and fluorometric analysis 
methods described previously (Coello-Camba and Agustí, 2021) using a 
Trilogy Laboratory Fluorometer (Turner Designs, Inc.). As reported 
elsewhere, there was no significant difference in Red Sea chlorophyll-a 
concentration values obtained when using 0.2 μm membrane filters or 
Whatman GF/F glass fiber filters (Agusti unpublished). After 
chlorophyll-a measurement, filtrates from selected treatment flasks were 
transferred to amber bottles with Teflon screw caps and preserved by 
adding 0.5% v/v of methanol. The water samples were stored at − 20 ◦C 
until the dissolved concentration of the 16-PAHs was measured in the 
KAUST Analytical Chemistry Core Labs using gas chromatography/mass 
spectrometry. 

2.5. Data processing and analysis 

Flow cytometry raw data files (.fcs) were batch-processed using FCS 
Express Standalone Version 6 RUO (licensed to KAUST) and the data 
were extracted as column-separated values using keyword and statistical 
tokens. Growth rates and LC values were calculated as previously 
described (Kottuparambil and Agusti, 2018; Echeveste et al., 2010a). 
Statistical analyses were conducted using the JMP software (JMP® Pro 
version 15.0, SAS Institute, Cary NC, USA) using one-way ANOVA fol-
lowed by Tukey’s posthoc test and comparisons using t-test further 
described in figure legends; statistical significance was set at probability 
(P) ≤ 0.05. Figures were generated using GraphPad Prism Version 9.1.1 
(223). All values are presented as means ± standard error (SE). 

3. Results 

3.1. Environmental conditions at sampling locations in the red sea 

A temperature-salinity gradient with increasing sea surface temper-
ature [SST (mean) = 25.54 ◦C] and decreasing salinity from N to S was 
observed in the OS stations (Table 1). CS2 (i.e., the pelagic station) had 
the highest SST ◦C among all stations (Table 1). Chlorophyll-a, an in-
dicator of primary productivity, was lowest (0.01 μg L− 1) in the north-
ernmost station (OS1) and higher in stations located in the central-south 
latitudes (Table 1). CS waters exhibited higher chlorophyll-a values than 
OS waters (Table 1). Synechococcus was the most abundant autotroph in 

surface seawaters, with a mean abundance of 2.91 × 104 cells mL− 1 

(Table 1). The total heterotrophic bacterial abundance in the seawater 
ranged from 1.4 × 105 cells mL− 1 to 8.08 × 105 cells mL− 1, with HNA 
and LNA components respectively contributing 41.7% and 58.3% on 
average (Table 1, Fig. S2). 

3.2. Nominal and dissolved concentrations of the 16-PAH mixture 

The dissolved 
∑

16-PAHs concentrations (μg L− 1) measured at 48 h 
were lower than the initial nominal doses (Table S2). Acenaphthylene 
had the highest mean dissolved concentration (2.01 μg L− 1), which was 
consistent with its proportion (34.5%) in the 16-PAHs mixture 
(Table S1), ranging from 0.01 to 11 μg L− 1 across treatments. Naph-
thalene (1.36 μg L− 1) and acenaphthene (1.01 μg L− 1) were the second 
most abundant PAHs in the spiked seawaters, which was consistent with 
their proportions in the 16-PAH mixture (17.2% each) (Table S1). 
Phenanthrene was present in a dissolved concentration of 0.01–1 μg L− 1 

across treatments. PAHs with 4 or more aromatic rings such as benzo(a) 
anthracene, benzo(a)pyrene, and indeno(1,2, 3, – cd) pyrene were close 
to the practical quantitation limit of 0.01 μg L− 1. 

3.3. Cell abundance and growth responses of microbial communities to 
PAHs 

Different microbial groups exhibited varying decreases in cell 
abundance, which was assessed as the primary indicator of toxicity. 
Exposure to the 16-PAH mixture did not reduce the mean HNA bacteria 
abundance pooled across stations (Fig. 2a), whereas LNA bacteria 
showed a consistent dose-dependent reduction in mean cell counts with 
increasing PAHs dose (Fig. 2b). After 48 h of exposure, the highest 
concentration of 

∑
16-PAHs tested herein (100 μg L− 1) resulted in up to 

96% reduction in the abundance of LNA bacteria compared to the 
control (without PAHs). Therefore, our findings revealed a shift in the 
proportions of HNA and LNA bacteria within the total bacterial com-
munity. At 0 h, the seawater bacterial community was predominantly 
composed of LNA bacteria (58.3%) (Fig. S2). After 48 h of PAH expo-
sure, the proportion of HNA bacteria increased in all treatments 
including the controls and even doubled at the highest 

∑
16-PAH con-

centration (100 μg L− 1), whereas the abundances of LNA bacteria 
decreased to 17% of the total community (Fig. S2). A dose-responsive 
decline in cell abundance was also observed in the picophytoplankton 
populations of Synechococcus (Fig. 2c) and picoeukaryotes (Fig. 2d). 
Exposure to 

∑
16-PAHs at 100 μg L− 1 resulted in a mean decrease in the 

cell abundance of Synechococcus by only 32%, whereas the abundances 
of picoeukaryotes decreased by 88% on average. Chlorophyll-a con-
centration also decreased with increasing PAH dose (Fig. 2e). Interest-
ingly, despite a decline in mean cell abundance, the photosynthetic 
microbial components especially exhibited large variations (Fig. 2). 

Specific growth rates (μ day− 1) were calculated (see STable 3 for 
additional details) and summarized as percentage inhibition relative to 
controls (Fig. 3). HNA bacteria had the highest growth rates among 
different groups also in the control treatments, with some variations 
between stations and treatments (Table S3). In the more northern sta-
tions (OS1, OS2), the growth rate of HNA bacteria increased at higher 
PAH concentrations, whereas the opposite trend was observed in other 
stations (OS3, OS7) (Table S3). Upon pooling the data from all stations, 
our analyses indicated that the growth of the HNA bacteria was overall 
mildly inhibited compared to the control (<50%) at 48 h without a dose- 
responsive pattern (Fig. 3a). In contrast, despite the overall lower 
growth rates of LNA bacteria, including negative growth rates in some 
controls (Table S3), these bacteria exhibited greater % relative inhibi-
tion with increasing 

∑
16-PAH concentration (Fig. 3b). The picophyto-

plankton groups also showed greater mean % relative inhibition at 
higher PAH doses (Fig. 3c and d), as was also seen in total chlorophyll-a 
despite large variations (Fig. 3e). Treatment controls also showed 
negative growth for picophytoplankton and chlorophyll-a in some 

A. Ashok and S. Agusti                                                                                                                                                                                                                        



Chemosphere 309 (2022) 136490

5

stations (Table S3). In some cases, higher 16-PAH doses appeared to 
have a net stimulatory effect on Synechococcus growth (Fig. 3c). 

3.4. Contrasting sensitivity of microbial communities to 16-PAHs 

Table 2 and STable 4 summarize the toxicity thresholds (LC10 and 
LC50 respectively) of the different microbial groups. In instances where the 
slope indicated growth instead of a decline, an LC10 value of 120 μg L− 1 

(i.e., slightly larger than 100 μg L− 1, the highest dose evaluated in this 
study) was applied. The mean LC10 threshold value increased in the 
following order: picoeukaryotes < chlorophyll-a < LNA bacteria <
Synechococcus < HNA bacteria, with significant differences between the 
means (one-way ANOVA, F = 18.88, DF = 137, p < 0.0001) (Fig. 4). The 
LC10 sensitivity thresholds were slightly correlated with the mean initial 
cell abundance (Pearson r = 0.28) but showed no significant relation-
ship with other environmental variables measured. Overall, HNA bac-
teria exhibited the highest toxicity thresholds, with an LC10 range from 
9.12 to 379.68 μg L− 1 and an overall mean of 97.13 ± 17.2 μg L− 1 

(Fig. 4). Synechococcus also showed growth in some cases, with an LC10 
range from 1.73 to 120 μg L− 1 (mean = 26.77 ± 13.34 μg L− 1), indi-
cating that these picocyanobacteria were more tolerant than the LNA 
bacteria (mean = 23.63 ± 10.64 μg L− 1) (Fig. 4). Chlorophyll-a mea-
surements showed an intermediate LC10 mean value (19.51 ± 8.11 μg 
L− 1) between that of the highly sensitive picoeukaryotes (5.98 ± 2.08 
μg L− 1) and more tolerant Synechococcus sp. 

4. Discussion 

Since the 1970s, the United States Environmental Protection Agency 
(USEPA) has maintained lists of toxic chemicals identified as “priority 
pollutants” to guide environmental pollution regulations [40 CFR Part 
423, Appendix A (Keith, 2015)]. Included in this list are 16 PAH com-
pounds with at least a 2.5% occurrence frequency in waters worldwide 
[40 CFR Part 423, Appendix A (Keith, 2015)]. The environmental 

concentrations of PAHs can be orders of magnitude higher than those of 
other organic pollutants (Echeveste et al., 2016; González-Gaya et al., 
2016), and therefore assessing their toxicity thresholds in 
aquatic-marine biota is crucial. This is especially true for natural mi-
crobial communities, which drive primary productivity and the carbon 
cycle in the world’s largely oligotrophic oceans (Agawin et al., 2000; 
Azam et al., 1983). Previous studies have determined the lethal 
thresholds of PAHs to major autotrophic microbial populations in some 
other oceanic regions (Echeveste et al., 2010a; Othman et al., 2018), and 
more recently in the Red Sea (Kottuparambil and Agusti, 2018) often 
focusing on the effects of individual PAHs such phenanthrene or pyrene 
(Echeveste et al., 2010a; Kottuparambil and Agusti, 2018). By testing 
the sensitivities of natural oligotrophic microbial communities from the 
Red Sea to a mixture of 16 priority PAHs, we report relevant differences 
between the autotrophic and heterotrophic microbial communities, as 
well as contrasting sensitivity among the two subgroups of heterotrophic 
bacteria. Importantly, some microbial tolerance thresholds we report 
are close to the PAH concentrations previously measured in the Red Sea 
waters. 

Autotrophic microbial communities tested here displayed higher 
sensitivity to 16-PAHs mixture than single compounds tested previously 
with some differences among them (Kottuparambil and Agusti, 2018). 
Moderate to catastrophic cell abundance reductions have been reported 
in natural phytoplankton populations upon exposure to single PAHs 
(Echeveste et al., 2010a; Kottuparambil and Agusti, 2018) and complex 
pollutant mixtures in other ocean basins (Echeveste et al., 2010b, 2016). 
Here, the LC10 toxicity thresholds increased as: picoeukaryotes <
chlorophyll-a < Synechococcus, where the intermediate sensitivity of the 
whole autotrophic community (chlorophyll-a) reflected the spectrum of 
its polarized components. Previous studies from the Red Sea (Kheir-
eddine et al., 2017) reported that picophytoplankton dominated the 
biomass contributing 60–70% to the total phytoplankton biomass with 
picocyanobacteria representing about the 49%. In comparison to 
phenanthrene, a three-ring PAH, sensitivity of Synechococcus sp., and 

Fig. 2. Population response to 48 h 
∑

16-PAH exposure as cell abundance (cells mL− 1) for (a) HNA heterotrophic bacteria, (b) LNA heterotrophic bacteria (c) 
cyanobacteria Synechococcus, (d) Picoeukaryotes, and as concentration (μg L− 1) for (e) chlorophyll-a as an indicator of total autotrophic community response. Values 
shown represent mean ± SE. ns = not significant; ***p < 0.0001. For complete ANOVA summary statistics, see Table S5 in SI. 
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picoeukaryotes was 2 and 6.5 times higher to the 16-PAHs mixture (i.e., 
lower LC10 values), respectively (Fig. 5). Likewise, picoeukaryotes were 
more tolerant to pyrene, a 4-ringed PAH, than the PAH mixture here 
(Fig. 5). Further, concentrations of phenanthrene and pyrene in the 
16-PAHs mix (0.001–1.72 μg L− 1) being several folds lower than pre-
viously reported LC10 values of phenanthrene (18.97–162.09 μg L− 1) 
and pyrene (8.81–33.42 μg L− 1) (Kottuparambil and Agusti, 2018) 
demonstrated that pollutant mixtures can be highly toxic even when 
single compounds are present at levels below their individual effect 
thresholds (Kortenkamp and Faust, 2018). Higher toxicity of mixtures 
over single compounds are reported for phytoplankton populations from 
other ocean regions (Echeveste et al., 2010b, 2016). Differences be-
tween coastal versus oceanic areas, however, seems less relevant than 
those among size-classes and functional groups of microorganisms 
allowing a pooling of data across stations (Echeveste et al., 2010a; 
Othman et al., 2018). 

The natural heterotrophic bacterial community displayed a stark 
contrast in sensitivity (cell abundance decline) between its flowcyto-
metric subgroups of HNA and LNA bacteria with a shift towards HNA 
dominance (up to 83% of total) upon exposure to the 16-PAHs mixture. 
Whereas LNA bacteria within the community declined by up to 96% of 
initial abundance over 48 h. In comparison, cultured bacteria declined 
by up to 18% (Karlsson et al., 2019), and such higher sensitivity is 
known in natural communities of phytoplankton (Echeveste et al., 
2010a). Existing studies that found cell abundance decline in response to 
complex oil or PAHs exposure in natural heterotrophic bacterial com-
munities (Doyle et al., 2018; Lekunberri et al., 2010) or heterotrophic 
bacteria cultures (Czechowska and Van Der Meer, 2011; Karlsson et al., 
2019) do not report LC10 toxicity thresholds. Here, we saw that the 
16-PAH LC10 was 4-fold higher for HNA bacteria (97.13 μg L− 1) than 
LNA bacteria (23.63 μg L− 1) likely due to the compositional and meta-
bolic differences among them (Bouvier et al., 2007; Rubbens et al., 
2019). In general, HNA bacteria have higher growth rates (as also seen 
here) (Bouvier et al., 2007; Lebaron et al., 2002; Silva et al., 2019), 
productivity (Morán et al., 2007), and dominate organically enriched 
environments such as coastal marshes (Bouvier et al., 2007). Whereas 
LNA bacteria thrive in unperturbed oligotrophic waters (Silva et al., 
2019; Song et al., 2019; Wang et al., 2009), nutrient-poor open oceans 
(Elhadidy et al., 2016; Otero-Ferrer et al., 2018; ̌Santić et al., 2012), and 
require oligotrophic culture conditions (Wang et al., 2009). Previously, 
effluent discharges (Santos et al., 2019; Sharuddin et al., 2018) or 
change in trophic status of an ecosystem from nutrient addition or algal 
blooms (Andrade et al., 2007; Elhadidy et al., 2016) are reported to 
induce a shift from LNA to HNA dominance. Addition of PAHs can have a 
similar effect as it contributes to increase of dissolved organic matter 
(DOM) despite its apparent toxicity (Del Vento and Dachs, 2002; 
González-Gaya et al., 2019). Therefore, stimulation of tolerant bacteria 
with the ability to use toxic PAHs as a source of nutrition (Doyle et al., 
2018; Lekunberri et al., 2010; Teira et al., 2007), as also noted previ-
ously in some phytoplankton (Zhu et al., 2012; Nukapothula et al., 
2021), and inhibition of less tolerant components explains the sensi-
tivity differences seen here. The observed differential tolerance could be 
further explained by a decrease of more sensitive organisms such as 
heterotrophic nanoflagellates that commonly feed on bacteria (not 
tested here). Indeed, diminished top-down control with increase in 
bacterial proliferation has been seen in some natural microcosm 

(caption on next column) 

Fig. 3. Percentage inhibition in growth rates of the microbial loop components 
of the Red Sea, namely (a) HNA heterotrophic bacteria (b) LNA heterotrophic 
bacteria (P < 0.0001, ANOVA), (c) cyanobacteria (Synechococcus) (P < 0.05, 
ANOVA), (d) picoeukaryotes, and (e) chlorophyll-a concentration exposed for 
48 h to a mixture of 

∑
16-PAHs. Box and whiskers plot shows the min to max 

values. ns = not significant (p > 0.05); *p < 0.05; ***p < 0.0001. For ANOVA 
complete summary statistics see Table S5 in SI. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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experiments (Cerezo and Agusti, 2015a; Lekunberri et al., 2010). 
While specific changes in phylogenetic composition of the HNA and 

LNA bacteria sub-clusters in relation to their PAH sensitivity were not 
investigated here, previous studies have observed stimulation of specific 
species or clades from oil-derived hydrocarbon exposure. For instance, 
in the presence of PAHs, Lekunberri et al. (2010) noted that Gammap-
roteobacter increased to form 73% of the community, whereas Bacter-
oidetes and Alphaproteobacteria decreased. Some other common 
marine bacteria such as SAR11, SAR86, and Pelagibacter are also known 
to become inhibited in the presence of PAHs (Doyle et al., 2018; Teira 
et al., 2007). Oil-degrading bacteria form up to 76% of the micrombiome 
of coastal Red Sea (Mustafa et al., 2016). Therefore, it is plausible that 
there is an association between PAH tolerant clades with HNA bacteria 
and sensitive clades with LNA bacteria (Santos et al., 2019; Song et al., 
2019), and this could aid in rapid assessment of water quality changes 
resulting from pollution (Santos et al., 2019). However, further studies 
are needed to explore these links as well as the mechanisms that drive 
the contrasting responses of the heterotrophic bacteria subtypes. In 
addition to the PAH treatments, HNA also increased in the controls but 
remained balanced by the uninhibited LNA cluster (Fig. S2). Phyto-
plankton exudate and other organic secretions can also stimulate bac-
terial production in limited water volumes (Larsson and Hagström, 

1979). Further, the growth rate of HNA bacteria was mildly inhibited in 
comparison to controls indicating that, despite being tolerant, their 
growth was still affected by PAH exposure (Doyle et al., 2018; Lekun-
berri et al., 2010). 

Comparing the sensitivities and responses across autotrophic and 
heterotrophic microbial communities revealed that HNA bacteria from 
the Red Sea was the most tolerant followed by Synechococcus, with LC10 
values other components) increasing as: picoeukaryotes < chlorophyll-a 
< LNA bacteria < Synechococcus < HNA bacteria. The higher tolerance 
of HNA bacteria in addition to structural differences in cell wall char-
acteristics with phytoplankton (Del Vento and Dachs, 2002), could be 
from their potential role as oil-degraders (Doyle et al., 2018; Neethu 
et al., 2019). We found it highly interesting that Red Sea Synechococcus 
was particularly tolerant to PAH mixture, as was also noted to be the 
case for individual PAHs before (Kottuparambil and Agusti, 2018). In 
phytoplankton cultures exposed to lethal concentrations of environ-
mental pollutants, some rare spontaneous mutations enabled 
pre-existing tolerant types to survive and even outgrow the more sen-
sitive genotypes when exposed to stressful conditions (González et al., 
2012; Marvá et al., 2014). Chronic exposure to oil pollution in the Red 
Sea likely exerts selective pressure on Synechococcus populations 

Table 2 
48 h lethal concentration values [LC10(μg L− 1)] of HNA-LNA bacteria, Synechococcus, picoeukaryotes and chlorophyll-a to the 

∑
16-PAH mixture from coastal and 

offshore stations. *A value of 120 μg L− 1 was used when the slope was positive. ND = not determined.  

Station 
∑

-16 PAH mix LC10 (μg L− 1) 

HNA bacteria LNA bacteria Picoeukaryotes Synechococcus Chlorophyll-a 

CS1 – KAUST Harbor ND ND 3.75 ± 1.44 4.50 ± 2.21 ND 
CS2 – Pelagic station 120.00 ± 0.00* 27.70 ± 12.15 2.06 ± 0.51 5.09 ± 0.63 6.84 ± 0.92 
CS3 - Lagoon 120.00 ± 0.00* 15.20 ± 2.17 6.03 ± 1.78 91.16 ± 28.84 71.11 ± 27.27 
OS1 185.30 ± 98.92 8.52 ± 1.71 4.37 ± 0.59 7.24 ± 0.91 ND 
OS2 120.00 ± 0.00* 17.65 ± 3.68 4.61 ± 0.94 12.83 ± 2.72 5.15 ± 1.54 
OS3 10.01 ± 0.53 5.66 ± 0.59 1.57 ± 0.12 4.07 ± 0.60 18.70 ± 11.30 
OS4 60.87 ± 21.98 9.41 ± 1.84 1.42 ± 0.09 120.00 ± 0.00* 5.48 ± 1.28 
OS5 92.99 ± 27.01 3.28 ± 0.27 1.80 ± 0.21 2.81 ± 0.24 3.93 ± 0.26 
OS6 120.00 ± 0.00* 106.34 ± 57.40 22.68 ± 8.25 9.24 ± 0.75 12.41 ± 1.37 
OS7 45.01 ± 5.82 18.97 ± 3.12 11.51 ± 3.36 10.82 ± 1.83 32.51 ± 8.84  

Fig. 4. Lethal concentration (LC10) values of the 16-PAH mix to the different 
microbial components of the Red Sea communities. The LC10 of HNA hetero-
trophic bacteria was significantly different (P < 0.0001) from other groups, 
identified by pair-wise t-test. Bars connected by displaying the same letters 
were not significantly different at p = 0.05 level. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 5. Comparison of LC10 values for phenanthrene (PHE), pyrene (PYR), and 
16-PAH mixture within the autotrophic groups of Synechococcus and picoeu-
karyotes using one-way ANOVA and Tukey’s post-hoc test. PHE and PYR LC10 
values are from Kottuparambil and Agusti (2018). The 16-PAH mixture LC10 
values are from this study. Bars connected by displaying the same letters were 
not significantly different at p = 0.05 level. 
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(Mustafa et al., 2016; Qari and Hassan, 2017; Rasiq et al., 2019), leading 
to either the presence of tolerant types in the natural community or 
enhanced physiological plasticity enabling tolerance (Romero-Lopez 
et al., 2012). In oligotrophic waters, PAH contamination coupled with 
high levels of bacterial activity could become a relevant nutrient source 
and aid phytoplankton growth (Del Vento and Dachs, 2002). For 
example (Zhu et al., 2012), reported that PAH exposure stimulated the 
growth of Microcystis aeruginosa. Red Sea Synechococcus is highly sen-
sitive to nutrient stimulation and responds with strong blooms (Coel-
lo-Camba et al., 2020), even though this remains to be tested with PAHs. 
However, chlorophyll-a concentrations have shown stimulation after oil 
spills in the Red Sea (Nukapothula et al., 2021). Interestingly, Syn-
echococcus exhibited higher sensitivity to pyrene than the 16-PAH 
mixture (Fig. 5) possibly because the doses of individual PAH tested 
were higher (Kottuparambil and Agusti, 2018) or because of random 
stimulation from the different components of the PAH mix (Kortenkamp 
and Faust, 2018). Tolerance arising from the random presence of 
tolerant types possibly explains the lack of effect of environmental 
variables such as temperature here. However, previously an effect of 
latitudinal gradient was seen in Synechococcus sp. tolerance to individual 
PAHs (Kottuparambil and Agusti, 2018), and therefore warrants further 
investigation considering more factors such as, light, seasonality, and 
depth of sampling. Since PAHs can be advected to deeper oceanic layers, 
where depth by altering permeability of cell membranes can enhance 
the narcotic toxicity of PAHs (Del Vento and Dachs, 2002; Di Toro et al., 
2000) and introduce PAH degradation products to the microbial me-
tabolites pool (Moran et al., 2022), further research is essential for 
comprehensive understanding of PAH interactions with primary pro-
duction and the global carbon pump (González-Gaya et al., 2019). 

Collectively, the contrasting sensitivities we report here indicate that 
exposure to PAHs from environmental oil pollution plays an active role 
in shaping the local microbial communities in the Red Sea. In other 
oceanic areas, individual PAHs such as phenanthrene and pyrene must 
be present at concentrations thousands of times above those in the ocean 
to induce a 10% reduction in the phytoplankton communities (Eche-
veste et al., 2010a), whereas PAH mixtures and other complex chemical 
contaminant cocktails were toxic at levels that were only a few hundred 
times higher than the natural concentrations (Echeveste et al., 2010b, 
2016). In this context, it is worth noting that the 

∑
16-PAH doses tested 

herein represented realistic PAH concentrations reported from polluted 
Red Sea coastal waters (Al-Farawati et al., 2008; Qari and Hassan, 2017; 
Rasiq et al., 2019; Said and el Agroudy, 2006). Further, it is concerning 
that the LC10 values determined in our study for the different microbial 
groups approach the PAH concentrations reported in the Red Sea coastal 
waters (Qari and Hassan, 2017; Rasiq et al., 2019; Said and el Agroudy, 
2006). For instance, Said and el Agroudy (2006) reported mean dis-
solved 

∑
PAH concentrations of 10.78 and 12.38 μg L− 1 in El Temsah 

Lake and the Great Bitter Lakes in the Suez Canal. These concentrations 
are merely double the LC10 value we report for the highly sensitive 
picoeukaryote community (5.98 ± 2.08 μg L− 1). The water PAH con-
centrations for other areas in the Red Sea such as coastal waters near 
Jeddah City [0.29 μg L− 1 (Qari and Hassan, 2017)] and lagoons [0.30 μg 
L− 1 (Rasiq et al., 2019)] are also only twice higher than the LC10 values 
reported for sensitive picoeukaryotes in some stations such as OS3 and 
OS4 (Table 2). These findings indicate that further increases in pollution 
by PAHs and other oil-derived toxicants could have a strong impact on 
these oligotrophic microbial communities. 

5. Conclusion 

Our study characterized the sensitivity of important marine oligo-
trophic microbial communities from chronically oil-exposed Red Sea 
waters to a mixture of 16 priority PAHs recognized as widespread and 
toxic environmental pollutants. Contrasting differences in sensitivity 
were identified between autotrophic and heterotrophic populations, as 
well as among the different heterotrophic bacterial types, with tolerance 

thresholds increasing in the following order: picophytoeukaryotes <
chlorophyll-a < LNA bacteria < Synechococcus < HNA bacteria, without 
an apparent link to environmental variables. It is of particular concern 
that the lower tolerance thresholds reported herein approach the 
ambient PAH concentrations reported for Red Sea waters. Additionally, 
some Synechococcus populations exhibited higher thresholds, suggesting 
the occurrence of localized evolutionary adaptations and selection of 
tolerant strains. Nonetheless, the differential tolerance of these unique 
microbial components implies that any further increase in pollution 
levels could affect the inherent diversity of these communities, in 
addition to invariably affecting crucial processes such as carbon flux and 
elemental cycling, as well as the oligotrophic food webs dependent on 
them. Any impairment of these processes in response to one or more 
environmental stressors poses a severe threat to the ecological balance 
of the world’s oceans, which are largely oligotrophic in nature and 
highly reliant on microbial food webs. 
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